INTRODUCTION
Since its introduction into human neurosurgery by Spiegel and Wycis almost 70 years ago, the stereotactic frame has been used as a standard targeting method for functional intracranial procedures, biopsies, and deep brain stimulation [1] . With advances in imageguided neurosurgical procedures over the past 30 years, alternative methods of performing surgical interventions have become more widely used by neurosurgeons [2] to [5] . The first application of a robot in medicine was in the field of neurosurgery when an industrial robot, PUMA 200, was successfully used in a frame-based configuration for a brain biopsy procedure in 1985 [6] . There are a few reasons that the first application of robotic technology was in the field of neurosurgery. As noted in [7] , the human brain is an organ which is uniquely suited for robotic applications. It is symmetrically confined within a rigid container (the skull), which offers the potential of accurate patient localization by a robotic or external localization system.
One of the greatest obstacles to the widespread robotization of neurosurgical procedures is the total cost of robotic systems, which remain very high [8] .
One example is the Neuromate stereotactic robot (Renishaw, Gloucestershire, UK) [9] . The R&D costs are estimated at over 30 million US dollars [10] ; this fact contributes to the higher price of this system. Another example is the Renaissance system (Mazor Robotics Ltd., Caesarea, Israel) which has a total system cost of 789,000 US dollars [11] . This cost includes the robot, an instrument tray, a dedicated workstation and a year of free technical support. Therefore, it is necessary for hospitals to ensure that the benefits brought by robotic surgery outweigh the costs.
In contrast, standard industrial robots come in a wide range of kinematic configurations (serial-link manipulators with six or seven revolute joints) and robot reach specifications that make them suitable for a wide variety of applications in neurosurgery. Table 1 gives an overview of standard industrial robots that have been implemented as part of commercial or research neuronavigation robotic systems since the year 2000. One benefit of implementing industrial robots is that the research and development of the robotic arm have been done by the robot manufacturer, contributing to a lower overall system price. Regarding strict medical regulations and standards, which are indicated in [12] , one alternative to standard industrial robots is robot manipulators certified as medical devices. An example of that alternative is the newly developed Kuka LBR Med medical lightweight robot (KUKA, Augsburg, Germany). As presented by the KUKA Healthcare robotics division [13] , the LBR Med lightweight robot will be tested in accordance with IEC 60601-1, the technical standards for the safety and effectiveness of medical electrical equipment. The robot will be distributed with a CE label for EMC (IEC 60601-1-2:2014), which will ensure an even easier integration into medical devices. Despite this fact, standard industrial robots that are incorporated in the AQRATE system (KB Medical SA, Lausanne, Switzerland) [14] , the ROSA Spine (Medtech, Montpellier, France) [15] , and the ROSA Brain (Medtech) [16] have obtained both the CE mark and the FDA approval. This fact confirms the medical applicability of standard industrial robots as part of medical devices (details are given in Table 1 ).
Since 2015, four innovative robotic neuronavigation systems have been developed based on standard industrial robots from KUKA [14] , Stäubli [15] and Universal robots [18] to [20] (details are given in Table 1 ). These systems are not included in the current state-of-the-art literature survey and review papers [29] to [32] ; this demonstrates the very rapid development of the field of robotized neuronavigation medical.
The development of a novel robotic neuronavigation system, RONNA G3, based on standard industrial robots. We have validated the RONNA G3 system in an in vitro phantom trial which showed application accuracies suitable for the application in human clinical trials. At the end of the paper, we present a workflow for robotized stereotactic brain biopsy procedures that are currently being conducted as part of the clinical trials with the RONNA G3 system at the Department of Neurosurgery, University Hospital Dubrava, Croatia. We have received the approval of the Ethical Committee of the University Hospital Dubrava and the School of Medicine, University of Zagreb, and we have been given consent from each patient included in the clinical trials.
THE RONNA G3 SYSTEM
We have extensively upgraded the previously developed RONNA system [23] . That system was tested through rigorous preclinical trials which resulted in numerous improvements and in the development of the new RONNA G3 system. RONNA G3 (Figs. 1 and 2) is designed and used for stereotactic neuronavigation procedures. The RONNA G3 system consists of a robotic arm mounted on a specially designed universal mobile platform, a global Optical Tracking System (OTS), and planning software. A localization feature (rigid fiducial marker or freely distributed bone mounted fiducials, shown in Fig. 3 ) is used for the patient registration, while a stereovision system (RONNAstereo) is used for the patient localization in the physical space. The robots are equipped with surgical tools (guides, grippers, drill, etc.). A specific characteristic of the RONNA G3 system with respect to the most current state-ofthe art robotic neurosurgical systems [29] to [32] is an additional mobile platform equipped with a compliant and sensitive robotic arm which makes it a dual-arm robot system (master and assistant robots). The robots are standard six degree-of-freedom (DOF) revolute robots. This enables full flexibility and reorientations around operative trajectories defined with five parameters (three translations and two rotations). The system design and functional requirements in neurosurgical robotics are much more demanding than in conventional robotics, e.g. in industrial applications. First, the robotic system must be compact enough to fit in the Operating Room (OR) and should not interfere with the procedure of medical staff. On the other hand, the robotic system must meet complex requirements in terms of spatial working ability. Therefore, the robot system setup was designed using CAD software which enabled modelling and simulations [33] and [34] . Various trajectories and surgical instruments involved in neurosurgery were explored, as well as the requirements to be met regarding the location of the whole system in the operating room in relation to other equipment and medical staff. 
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Since the RONNA G3 provides a dual-arm configuration, a special algorithm is applied to control the movement of two robots. The control algorithm is used to calculate optimal joint configurations of both robots in mutual target operation points by assuring the high dexterity of each robot and preventing collision between them. The algorithm calculates the robot configurations in the joint space based on a multi-objective cost function (Q) composed of three criteria: the condition number (c), Joint Limit Avoidance (JLA), and collision avoiding criteria (d) based on utilizing the roll angle of the trajectory:
robot configurations joint space
Parameters c and JLA are concerned with the dexterity of the robots, while d assures the collisionfree cooperation of robots. Robot configurations are input vectors containing angular displacements of joints for both robots. These input vectors are obtained by searching the entire range of possible joint states of the robots (joint space). Each operational target point requires the computation of optimal joint configurations based on Eq. (1).
RONNA G3 is designed to work in a single robot mode or in a dual-arm mode, depending on the type of surgery and the surgeon's choice. In both cases, the patient should be under anaesthesia with the head fixed in a head holder (Mayfield clamp). The master robot is used for accurate routing of surgical instruments (drill, needle, or any other instrument) to the planned position and in the desired orientation. Insertion of the instrument in the direction of the operation point can be done by the assistant robot or by the neurosurgeon. When the operation is performed only with the master robot, the robot is used only as a navigation instrument (guide).
The extended version of RONNA G3 which uses both robotic arms is intended for automated robotic bone drilling applications and manipulation of surgical instruments. The assistant robot inserts the operating instrument into the tool guide pointing toward the operation point. In addition, the assistant robot is intended for assisting the surgeon through intuitive human-robot collaboration [35] .
For the global navigation in the OR, the OTS uses an infrared stereo camera (Polaris Spectra, NDI -Northern Digital Inc., Ontario, Canada) and two reference frames, one attached to the patient and the other to the robotic arm. The OTS is only used for coarse positioning of the robot with respect to the patient in the global localization phase of the procedure. In our previous study [36] , we measured the main accuracy categories of the robot system guided with an OTS. When using relative referencing and two reference frames (markers), the root-meansquare positioning error of the OTS was 0.398 mm and showed a strong growth tendency with larger distances between the two markers. We have developed a localization device (RONNAstereo) which eliminates any errors that may arise from the low resolution and a wide field of view of the global OTS [36] . The RONNAstereo is described in Section 1.1.2.
Fig. 2. The RONNA G3 system (render): (A) master robot, (B) assistant robot, (C) universal mobile platform, (D) optical tracking
system, (E) control and planning software interface
Patient Registration
Patient registration implies determining a spatial transformation between coordinate systems of the medical diagnostic images (CT scan) and the patient. In the patient registration process, the RONNA G3 can use two different marker types: a rigid fiducial marker with four standard medical retroreflective spheres (spherical fiducials) shown in Fig. 3a or freely distributed individual spherical fiducials mounted on individual bone screws (Figs. 3b and c) .
Fig. 3. RONNA registration methods: a) rigid fiducial marker, b) two freely distributed bone screws, and c) a bone screw with the spherical fiducial mounted on its top
In both cases, individual spherical fiducials need to be localized in the image space and the physical space with a minimum of three spherical fiducials that are positioned at the same distance from each other. The transformation is defined by a 3×3 rotation matrix and a 3D position vector that describe the position and the orientation of the image space coordinate system with respect to the physical space coordinate system. RONNAstereo is used for patient localization in the physical space, while either the developed automatic localization algorithm or manual localization is used for the localization of spherical fiducials in the image space. The RONNA G3 system incorporates software for operation planning (RONNAplan) based on computed tomography (CT) or magnetic resonance imaging (MRI). RONNAplan and its features are developed for satisfying the needs of neurosurgical applications based on the open source medical visualization software Medinria (Inria, France). This software allows the definition of trajectories through a visual, image-based user interface that enables the selection of entry and target points. Two-and three-dimensional visualization of the planned trajectories, as well as the editing and storing of the surgical plan, are supported by this software. The generated surgical plan can be automatically transferred to the robot control software after the planning phase has been completed. An example of a surgical plan is shown in Fig. 4 .
Image Space Localization
In the RONNA G3 surgery procedure, image space localization is conducted after the patient with the attached fiducial marker has been subjected to a CT scan. If the localization is done manually, the operator visually determines the centre of every spherical fiducial using the RONNAplan software. Manual localization has drawbacks, such as insufficient localization accuracy, long duration, and the possibility of human error. To overcome these drawbacks, we have developed an automated algorithm for the accurate localization of spherical fiducials in the image space. This localization algorithm uses a combination of machine vision algorithms, biomedical image filtration methods, and mathematical estimation methods. A pre-processing step of the localization algorithm is the intensitybased filtration of voxels. The filter isolates the space around high Hounsfield values of the titanium pins used for mounting the spherical fiducials. Since the cross-section of a spherical fiducial is a circle, an algorithm based on the circle Hough transform [37] is used for finding all the potential circles in the filtered axial and sagittal image projections. Spheres are verified, and false positive detections are removed with Euclidean distance filters. Finally, to calculate the spherical fiducial centre from the detected circles, we implemented an algorithm that matches a set of points to algebraic surfaces using the direct least square method. Based on the measurements conducted in clinical conditions on patients and on various test phantoms, the localization algorithm has shown a higher accuracy and speed in comparison with the manual localization carried out by human operators. The algorithm showed 100 per cent reliability with successful localizations of the fiducial marker in twenty test cases.
Physical Space Localization
Physical space localization is automated with an OTS. The OTS can detect spherical fiducials located on the robotic arm and the patient simultaneously, as shown in Fig. 5 . When a relative spatial relation between the robot coordinate system and the patient coordinate system is established, the robot uses the stereovision localization device (RONNAstereo) for accurate localization. RONNAstereo consists of two infrared cameras (acA2000-50gmNIR, Basler, Ahrensburg, Germany) with macro lenses aligned at a 55° angle in the same plane. The RONNAstereo was considerably improved with respect to its initial version presented in [23] . By determining the position of a corresponding point in both images, a virtual tool centre point (TCP) is defined. The virtual TCP is calibrated so that it corresponds with the TCP of a calibrated surgical tool. The robot TCP coordinate system is aligned within 0.05 mm using the RONNAstereo TCP and the physical tip of the surgical tool. The stereovision images are processed using machine vision software running the least-squares circular edge fit algorithm [37] and contrast enchantment [38] that actively determine the position of a localized spherical fiducial with respect to the robot's TCP. The system allows the positioning of the robot's TCP within 0.03 mm off a detected spherical fiducial centre. To the best of our knowledge, the developed localization device (RONNAstereo), which is held by our robot during the patient localization, is a novelty in the field of robotic neuronavigation systems and their noncontact frameless localization techniques. The ROSA robot [16] (Medtech, Montpellier, France) in the frameless mode uses a laser measurement device for surface scanning of the patient, while the Neuromate robot [39] (Renishaw, Gloucestershire, UK) uses an ultrasound localizer (transmitter and receiver). The Pathfinder robot [40] (Prosurgics Ltd., High Wycombe, UK) used a single camera attached to the robot end effector for patient localization. 
EXPERIMENTAL SETUP -PHANTOM TRIALS
In the in vitro accuracy evaluation, the positioning accuracy of RONNA G3 was measured on a test phantom (Fig. 6.) . The test phantom consists of a polymer base with one central pillar, 16 randomly distributed spherical fiducials, and a rigid fiducial marker. The centre of each spherical fiducial can be used as a target point. Accuracy measurements based on phantoms with spherical targets are commonly used to assess in vitro positioning accuracy of robotic neurosurgical systems. An overview of phantom designs used for the testing of various robotic neuronavigation systems is given in Table 2 . In our previous research, we evaluated a number of different phantom target designs [41] . We obtained three CT scans (Somatom Emotion ® , Siemens, Erlangen, Germany) of our phantom. Each scan contained a different number of slices: CT1 -283 slices, CT2 -357 slices, and CT3 -358 slices. Each scanning orientation was completely different in respect to the scanning plane. We used our standard head protocol: gantry rotation time 0.6 s, helical scanning, detector collimation 16 mm × 0.6 mm, slice width 0.75 mm, reconstruction increment 0.7 mm, image matrix 512 × 512 with a voxel size of 0.5 mm × 0.5 mm × 0.7 mm, no gantry.
We evaluated both registration methods by registering each CT scan from the image space in the physical space. In the first case, we used the rigid fiducial marker attached to the phantom (Fig. 6a) to define the phantom coordinate frame. In the second Kajita et al. [47] 2015 NeuroMate™ robot system • A standard plastic phantom with metal target spheres case, we used three randomly distributed spherical fiducials mounted via individual bone screws (Fig.  6b) to define the phantom coordinate frame. In clinical practice, the second method allows for a variation in the marker size and allows for the coordinate registration system to be closer to the target points. Target positions in the image space of the spherical fiducials are obtained using the sphere extraction algorithm presented in the patient registration section in all three CT scans. The localized spherical fiducial centres and one planned trajectory are shown in Fig. 7 within the RONNAplan interface. For accurate measurement, the robot used RONNAstereo to position its virtual TCP within 0.03 mm off each spherical fiducial centre. As shown in Fig.  6 , three spherical fiducials were used for determining the phantom coordinate system in the image space and the physical space. After the phantom is localized, the virtual TCP of the robot is positioned at the calculated coordinates of the spherical targets denoted as p i . The robot's position is corrected afterward to the exact centre p c of each spherical fiducial with the previously described circular edge detection algorithm. The robot positioning error is calculated as the Euclidian distance between the initial position p i and the corrected position p c , of the virtual TCP of the robot. 
where x c , y c and z c are the corrected position coordinates in the x, y and z direction in the RONNAstereo coordinate frame.
We obtained target positioning errors (TPE) for 10 random phantom positions and orientations in the robot workspace. We repeated the measurement for each of the three CT scans. To obtain valid TPE data, the spherical fiducials that form the localization coordinate system were left out in both cases because they do not contain the full CT localization error. Also, three unreachable (not visible) target points were neglected. Finally, the experiment yielded 10 usable target points. In total, 300 position measurements were conducted. Furthermore, kinematic calibration of the robot was performed to determine its TCP [48] . It is carried out by targeting a point in the robot workspace in multiple different orientations. Using the joint configurations from the same spatial point, an optimization of the TCP coordinates is performed by minimizing the residuals of the end effector poses, as shown in [49] . Other kinematic parameters of the robot are not altered.
The absolute positioning accuracy of the RONNA G3 system is shown in Fig. 8 and in Table 3 . Targeting errors are shown for two different target groups: superficial (1) and deep (2) . This classification is related to the z-coordinate of the target in the coordinate system of the rigid fiducial marker or in the coordinate system of freely distributed individual spherical fiducials. Significant differences between the superficial and the deep targets regarding the positioning accuracy can be observed both in the values of the mean (0.43 mm and 0.88 mm) and maximum errors (1.36 mm and 1.89 mm). Accuracies with errors of less than 0.5 mm, which satisfy the stereotactic procedure requirements, can be achieved if the target points are close to the marker coordinate system (<50 mm), i.e. with superficial target points.
It should be noted that the conducted phantom trial does not consider several factors influencing the overall accuracy occurring in in vivo applications [50] . These factors include inaccuracies of the surgical instruments (e.g. a slight curvature of the biopsy needle), the brain shifting during bone drilling, and other surgery-related specific effects. Furthermore, the phantom trial underestimates errors that can arise from the patient movement, the patient-dependent distortion of the image and the difficulties in identifying the position of the biological target rather than the fiducial target [39] . Thus, it can be expected that the absolute accuracy in future clinical trials will be degraded due to the above listed factors. This has already been confirmed by recent clinical case studies with the Neuromate [2] and ROSA [3] , [16] robotic systems.
SURGICAL WORKFLOW ASSISTED WITH THE RONNA GSYSTEM
The RONNA G3 clinical procedure is divided into three phases: preoperative phase (I), preparation phase (II), and operation phase (III). In the preoperative phase (I), either the bone attached marker or distributed bone screws are fixed to the patient's head under local anaesthesia. The day before the surgery, the patient is subjected to a CT scan. After that, the marker is removed from the bone screw to reduce the patient's discomfort. In the next step, the surgeon imports the medical diagnostic images into the RONNAplan software. The surgeon plans and defines all necessary operation points and trajectories (defined with accompanying entry points) while the spherical fiducials are localized automatically.
In the preparation phase (II), the patient is brought to the OR. The patient is given general anaesthesia, and his head is fixed in a head holder (Mayfield clamp). The marker is reattached to the bone screw, or the freely distributed individual spherical fiducials are attached to single bone screws. To obtain the initial patient position in the OR, the robot platform position is adjusted to the patient according to the planning module algorithm (1) and the position is verified with the OTS. The robot platform is then fixed to the operating table to ensure stability and rigidity of the entire setup. The system proceeds to the accurate marker localization using RONNAstereo, as described in section 1.1.2. After localization and registration, RONNAstereo is removed from the robot end effector and replaced with a tool guide. The surgeon then verifies the localization procedure using the tool guide to point at anatomical landmarks on the patient's head.
In the operation phase (III), the operating field is washed by alcohol and a sterile cover is put on the patient and on the robot. A sterile set of end effector tools is used. Using RONNAplan, the surgeon selects the preoperatively planned trajectory and the robot positions the tool guide accordingly. In this phase of clinical trials, the system is used for brain tissue biopsies. The robot is equipped with a sterile tool holder for a twist drill (3.2 mm in diameter) and a biopsy needle (2.5 mm in diameter). Skin incision and drilling of the burr hole are performed by the neurosurgeon. After the dura has been opened and coagulation has been performed, a 2.5 mm diameter biopsy needle is advanced to the target and staged biopsy is performed. When the surgeon completes the biopsy at the target point, the robot can retract to its home position or reposition at another target.
CONCLUSIONS
There are numerous advantages of the application of robotic technology in neurosurgery. Endurance is the first benefit of robotics given that several studies have demonstrated that surgeons suffer from muscle fatigue during operations as a result of the procedure duration and the need to hold surgical instruments at specific angles [40] . By using a robotic arm to steady the surgical instrument, the problems of fatigue and tremor can be eliminated. Robots are also able to extend the visual and manual dexterity of neurosurgeons beyond their limits as pointed out by Eljamel [7] because they can work through very narrow and long surgical corridors most suited for brain surgery. Apart from the frameless approach, neurosurgical robotic systems can provide a number of advantages for the surgical procedure, such as the elimination of tremor, lower risk of error due to the surgeon's fatigue and faster completion of the operation.
RONNA G3 is a novel neuronavigation robotic system, intended to be used as a sophisticated tool by neurosurgeons for intraoperative planning and accurate frameless neuronavigation. Some of the advantages of the frameless over the frame-based techniques are the ease of use, less patient discomfort, and more flexible pre-operative planning with the ability to separate the imaging from the surgical procedure, which provides ample time for a detailed image analysis and trajectory planning [39] and [51] . We have evaluated the application accuracy of the RONNA G3 system in a phantom study with two different registration methods. The first registration method involves a rigid fiducial marker with four spherical fiducials. The second method uses randomly distributed spherical fiducials mounted on individual bone screws. The mean positioning error for superficial targets (< 50 mm) was 0.43 mm (interquartile range 0.22 mm to 0.60 mm) and for deep targets (50 mm to 120 mm), it was 0.88 mm (interquartile range 0.66 mm to 1.10 mm). Given the positioning errors obtained from the phantom trials, we have prepared the system for clinical trials which are currently in progress. The RONNA G3 system has two key features that differentiate it from current robotic neuronavigation systems used for neurosurgical interventions. The first key feature of our system is a specially designed universal mobile platform that can be used for different robot types. The second feature is a new high precision non-contact localization system, RONNAstereo. Furthermore, RONNA G3 utilizes a novel automatic localizing algorithm [52] developed for improved preoperative spherical fiducial localization.
In future work, we plan to evaluate the clinical application accuracy of the RONNA G3 system for frameless stereotactic brain biopsy procedures. In the prospective clinical study using the RONNA G3 system, in addition to reporting the target point error and accuracy measurements, we plan to report other measuring metrics; these will include diagnostic yield, operating time, and intraoperative and postoperative complications. In addition, we are working on the development and testing of bone drilling procedures on animal bone specimens using a second robot, as well as on task planning algorithms for increasing the robot autonomy [53] and [54] .
